ABSTRACT: Inspired by the driving principle of traditional bias-type two-way actuators, we developed a novel two-way actuation nanocomposite wire in which a massive number of Nb nanoribbons with ultra-large elastic strains are loaded inside a shape memory alloy (SMA) matrix to form a continuous array of nano bias actuation pairs for two-way actuation. The composite exhibits a two-way actuation strain of 3.2% during a thermal cycle and an actuation stress of 934 MPa upon heating, which is about twice higher than that (~500 MPa) found in reported two-way SMAs. Upon cooling, the composite shows an actuation stress of 134 MPa and a mechanical work output of 1.08*10 6 J/ m 3 , which are about three and five times higher than that of reported two-way SMAs, respectively. It is revealed that the massive number of Nb nanoribbons in compressive state provides the high actuation stress and high work output upon cooling and the SMA matrix with high yield strength offers the high actuation stress upon heating. Compared to traditional bias-type two-way actuators, the two-way actuation composite with small volume and simple construct is in favour of the miniaturization and simplification of actuators.
INTRODUCTION
High-performance actuator materials capable of outputting high actuation stresses and large actuation strains are of high demand for many applications, such as micro-robots, [1] [2] [3] micro air vehicles, [3] [4] artificial organs [5] [6] and prosthetic devices. 7 Many candidate materials have been studied, such as piezoelectric ceramics, 8 magnetostrictive alloys, 9 shape memory alloys (SMAs) [10] [11] and electrostatic polymers. 12 Among them, SMAs have the highest mechanical work output capacity (~10 7 J/m 3 ), [13] [14] typically 100 times of that of piezoelectric ceramics and 50 times of electrostatic polymers. [13] [14] SMAs typically exhibit the ability to output large actuation strains of 5% and actuation stresses up to 500 MPa, producing a mechanical work output of 2.5*10 7 J/m 3 . [13] [14] However, such properties are associated with the reverse transformation from deformed martensite to austenite, thus are only achievable upon heating (effectively by converting the thermal energy into mechanical energy). 13 Upon cooling, SMAs are usually passive and may exhibit small strain output or very low actuation stress (5~50 MPa), 13, [15] [16] thus very low work output. This severely restricts their applications as thermostat two-way actuators.
To overcome this shortfall, a bias spring system is often required to work with the SMA actuator in order to achieve two-way actuation. 10, [16] [17] The bias spring system provides the actuation upon cooling by overcoming the weaker SMA component and upon heating is overcome by the stronger SMA. This drastically complicates the structure design and the control system severely diminishes their advantages going against in the miniaturization and simplification of actuator designs.
Inspired by the driving principle of bias-type two-way actuators, we envisaged a novel two-way actuation nanocomposite concept in which a massive number of nano-springs are loaded inside a SMA matrix to form a continuous array of nano bias actuation pairs for reversible two-way actuation. The nano-springs are simple metal nanowires, which have been shown to be able to exhibit up to 6% pure elastic strains in perfect compatibility with SMAs. 18 Such composite of massive number of nano bias pairs is expected to be able to provide high actuation stress and high work output upon cooling, whist still maintains its small volume and simple construct, which are essential for the miniaturization and simplification of actuators.
To verify this design concept, we fabricated an in-situ Nb nanoribbon-nanocrystalline NiTi SMA composite wire ( Figure S1 ) by severe cold wire-drawing of a Nb-NiTi hypo-pseudoeutectic casting and annealing treatment. By prior thermo-mechanical treatments including a 12% tensile deformation at room temperature and a 20→200→20 °C heating-cooling cycle, a high coupling stress between the superelastic Nb nanoribbons and the shape memory nanocrystalline NiTi matrix was induced ( Figure S2 ) , to realize the design of concept of massive number of nano-bias active systems in the composite wire.
EXPERIMENT SECTION
An ingot of 25 kg in weight with a composition of Ni45Ti45Nb10 (at.%) was prepared by vacuum induction melting. The ingot was hot-forged at 850 °C into a rod of 16 mm in diameter and hot-drawn at 750 °C into a thick wire of 2 mm in diameter. The hot-drawn wire was cold-drawn into a thin wire of 0.5 mm in diameter at room temperature with the intermediate annealing at 700 °C. The samples were cut from the cold-drawn wire and annealed at 450 °C for 10 min followed by air cooling. The 12% tensile deformation was performed using an Instron testing machine at a strain rate of 1×10 -4 s -1 at room temperature. The heating-cooling cycle (20 °C→200 °C→20 °C) was performed using an ordinary air heating furnace.
Microstructure was analyzed using a TEM (FEI Tecnai G2 F20) operated at a voltage of 200 kV. The two-way actuation strain without external load was measured using a dynamic mechanical analyzer (DMA, TA Q800). The actuation strain under different compressive stresses upon cooling was also measured using the DMA. In order to prevent bending of the sample under compressive stress, the copper tube with the inner diameter of 0.5 mm was added on the outside of the composite wire during the tests. The in-house heat bilges cold shrink of the DMA through the cooling-heating cycle was measured using a quartz sheet with ultra-small thermal expansion coefficient (5.3*10 -7 ). The actuation strain data shown in our paper has eliminated the effect of the heat bilges cold shrink of the DMA. The actuation stress output on heating of the sample was measured under position constraint by an Instron testing machine with a temperature-controlled box.
In-situ synchrotron X-ray diffraction measurements were performed at the 11-ID-C beamline of the Advanced Photon Source at Argonne National Laboratory. High energy X-rays of 115 keV energy and 0.6 mm × 0.6 mm beam size were used to obtain 2D diffraction patterns in the transmission geometry using a Perkin-Elmer large area detector placed at 1.8 m from the sample. The 2D diffraction patterns were collected during tensile deformation using a home-made mechanical testing device. Gaussian fits were used to determine diffraction peak positions. Error of the d-spacing strain measurement is estimated to be smaller than 0.1%. Figure 1 shows the typical microstructure of the Nb nanoribbon-nanocrystalline NiTi composite wire after the prior thermo-mechanical treatments (a tensile deformation of 12% and a 20→200→20 °C heating-cooling cycle). Figure 1a Figure 1c shows a high-resolution TEM image of the Nb-nanoribbon/NiTi-matrix interface, revealing a clean and well-joined interface. Figure  1d shows a 2D high-energy X-ray diffraction (HE-XRD) pattern of the composite wire, as seen from a lateral direction to the wire length. The composite wire is seen to contain BCC-Nb and B2-NiTi phases, and the Nb nanoribbons have a strong [110] orientation parallel to the wire axial direction. Figure 2 shows the two-way actuated properties of the composite wire. The sample has been pre-deformed to 12% tensile strain at room temperature and then gone through a 20→200→20 °C heating-cooling cycle to establish the internal residual stress coupling between Nb nanoribbons and NiTi matrix ( Figure S2 ). Figure 2a shows the output strain-temperature curves of the sample without external load. It is seen that the sample exhibited an output strain of 3.2% in elongation upon cooling and in shorten upon heating, and excellent cyclic stability. The actuation stress output upon heating of the composite wire was measured under position constraint using a tensile testing machine. Figure 2b shows the actuation stress-temperature curve of the composite upon heating, demonstrating a maximum actuation stress output of 934 MPa, which is about twice higher than that of the reported NiTi SMAs. To measure the actuation stress output of the composite upon cooling, different magnitude of compressive stresses were applied on the composite along wire axial direction during cooling. Figure 3a shows the output strain-temperature curves of the composite under different constant compressive stresses upon cooling. It is seen that the maximum output strain gradually decreases with increasing applied compressive stress, with 1.35% output strain at compressive stress of 80 MPa. Figure 3b shows the effect of applied compressive stress on the maximum strain output and the mechanical work output. It is seen that simple extrapolation of the curve to nil strain suggests that the maximum compressive stress about the composite wire is able to overcome is 134 MPa, in other words, the maximum actuation stress upon cooling of the composite wire under position constraint is 134 MPa, which is significantly higher than that (5~50 MPa) of the reported two-way memory SMAs. [15] [16] It is also noted that the maximum mechanical work output on cooling is 1.08*10 6 J/ m 3 at a resistive stress (compression) of 80 MPa, which is about 5 times more than that (2.0*10 5 J/m 3 ) of the reported two-way memory SMAs. To uncover the underlying mechanism of the two-way actuation of the composite wire, in-situ HE-XRD experiment was carried out on the composite through a tensile deformation of 12% at room temperature. Figure S3 shows a HE-XRD pattern of the sample before the deformation, indicating that it contained BCC-Nb and B19'-NiTi phases. Figure 4a shows the tensile stress-strain curve of the composite, and Figure 4b shows the corresponding in-situ HE-XRD patterns. Evolution of Nb (110) and B19'-NiTi (001) d-spacing strains with respect to applied tensile strain in the wire axial direction are shown in Figure 4c and 4d, respectively. It is seen that the Nb nanoribbons exhibited a plastic yield at 4.7% lattice strain (point A in Figure 4c ) and a maximum lattice strain of 5.4% (point B in Figure 4c ) upon loading, and a residual tensile lattice strain of 2.2% after unloading (point C in Figure 4c) . The occurrence the residual lattice strain can be understood as following. Upon loading to 12% global strain, the martensitic NiTi matrix underwent an elastic deformation of self-accommodated martensite to ~1% global strain (O-A in Figure 4d ), followed by martensite variant reorientation and an elastic deformation of the oriented variants to ~12% global strain (A-C in Figure 4d ). At the same time, the Nb nanoribbons underwent an elastic deformation up to ~6% global strain (O-A in Figure 4c ) followed by a plastic deformation (A-B in Figure 4c ) to the end of the deformation cycle at 12% global strain. Upon unloading, the NiTi matrix and the Nb nanoribbons both underwent elastic strain recovery. However, the elastic strain of the NiTi matrix (2.2% in Figure 4d ) is smaller than that of the Nb nanoribbons (5.4% in Figure  4c ), thus the NiTi matrix hinders the full elastic recovery of the Nb nanoribbons upon unloading, causing tensile strain in the Nb nanoribbons (2.5% in Figure 4c ) and compressive strain in the NiTi matrix (0.36% in Figure 4d ) after unloading. To better understand the above deformation mechanisms, the schematics of the deformation processes of the Nb nanoribbons and the NiTi matrix through the tensile deformation of 12% are shown in Figure S4 . The sample after the prior tensile deformation was subjected to a 20→200→20 °C heating-cooling cycle to induce shape recovery of the NiTi matrix. Figure 5a shows the strain-temperature curve of the sample through the thermal cycle. During this thermal cycle, in-situ HE-XRD was also measured, and the diffraction patterns are shown in Figure 5b . Figure 5c shows the evolution of the d-spacing strain for the Nb (110) planes perpendicular to the wire axial direction during the thermal cycle. It is seen that the Nb nanoribbons had a 2.5% tensile strain at the start of the thermal cycle (inherited from the prior deformation) and underwent a contraction upon heating to above 160 °C (apparently associated with the reverse transformation of the NiTi matrix) to a compressive elastic strain of 2.1%. Subsequent cooling to 20 °C did not cause much change to the strain state of the Nb nanoribbons. Using the full 2D HE-XRD pattern of the sample after the thermal cycle, as shown in Figure 1d , the Nb (110) and B2-NiTi (110) d-spacing strains in different directions of the wire can be determined. Figures 5d and 5e show the Nb (110) and B2-NiTi (110) d-spacing strains as functions of the azimuthal angle (η) measured from the lateral direction of the composite wire, respectively. It is seen that the lattice strains of the Nb nanoribbons and the NiTi matrix have a 180° symmetry. The Nb nanoribbons had a compressive elastic strain of 2.1% in the wire axial direction and a 1.0% tensile strain in the lateral direction after the thermal cycle. Correspondingly, the NiTi matrix had a tensile elastic strain of 0.4% along the wire axial direction and a 0.3% compressive strain in the lateral direction. The tensile strain in the Nb nanoribbons and the compressive strain in the NiTi matrix along the wire axial direction are opposite to the lattice strains of the two components after the deformation cycle (Figures 4c and 4d ). This can be understood as following. Upon heating, the NiTi matrix underwent a contraction of 8% (Figure 5a ) via the reverse martensitic transformation (B19'→B2) (Figure 5b ). The Nb nanoribbons embedded in the NiTi matrix, on the other hand, had 2.5% elastic tensile strain stored prior to the heating (Figure 4c ), thus the Nb nanoribbons hinder the full shape recovery of the NiTi matrix upon heating, causing compressive strain in the Nb nanoribbons and tensile strain in the NiTi matrix. This result also explains clearly that after the thermal cycle, the tensile elastic strain (thus stress) in the NiTi matrix along the wire axial direction, as induced by the Nb nanoribbons, provides the guide for the two-way actuation in subsequent cycles.
EXPERIMENT RESULTS
In-situ HE-XRD experiment was also conducted on the composite wire through a two-way actuation cycle (Figure 2a) , and the diffraction patterns are shown in Figure 6a . It is seen that the intensity of the B2-NiTi diffraction peaks decreases gradually and the intensity of the B19'-NiTi diffraction peaks increases with decreasing temperature on cooling, implying the B2→B19' martensitic transformation. Upon heating, the intensities of both B2-NiTi and B19'-NiTi diffraction peaks show the opposite trends, indicating the B19'→B2 reverses martensitic transformation. Figure 6b shows the evolution of the d-spacing strain for the Nb (110) planes perpendicular to the wire axial direction through the two-way actuation cycle. It is seen that the Nb nanoribbons had a 2.1% compressive elastic strain at the start of tow-way actuation cycle (inherited from the prior thermal cycle). The compressive elastic strain was released upon cooling and regained upon heating. 
DISCUSSION
It is known that a two-way memory effect can be developed in NiTi SMAs through certain thermo-mechanical treatment, such as shape memory training, [20] [21] pseudoelastic training, 22 and thermal cycling training under a constant stress. 23 It is commonly understood that the essence of these different treatments is to create directional internal stress fields, which may direct the nucleation and growth of preferentially orientated martensite variants in subsequent thermal cycles without the influence of an applied stress, thus realizing the two-way memory effect. 10, [20] [21] [22] [23] [24] Prior deformation slightly beyond the strain limit of the martensitic transformation as a means to develop two-way memory effect is to create such an anisotropic dislocation structure in NiTi SMAs. 10, 22, 24 The two-way actuation of the Nb nanoribbon-nanocrystalline NiTi composite studied in this work is induced by a new mechanism, via a long range directional stress coupling between the Nb nanoribbons and the NiTi matrix, as opposed to the anisotropic short range stress fields associated with the deformation-induced dislocations. The presence of the long range coupling stresses (elastic lattice strains) between the Nb nanoribbons and the NiTi matrix is evident in Figures 5d and 5e . The mechanism for the generation of such internal coupling stresses (strains) through the prior thermo-mechanical treatments is schematically illustrated in Figure S5 . Figure S6 -a shows the 2D HE-XRD pattern of the composite at the cooling end of the two-way actuation cycle, and Figure S6 -b shows the variation of X-ray diffraction intensity of B19'-NiTi <001> planes versus the azimuth angle along the Debye-Scherrer ring indicated in Figure S6 -a. It is seen that the diffraction intensity of B19'-NiTi (001) planes along the Debye-Scherrer ring concentrates approximately equally at four locations, separated by ~60°, indicating that the NiTi matrix at the cooling end of the two-way actuation cycle was composed of spatially preferred martensitic variants. The result confirms the hypothesis that the directional internal stresses in the NiTi matrix caused by the Nb nanoribbons guide the formation of selected preferential variants upon cooling for the two-way actuation observed. The mechanism for the internal coupling stress between Nb nanoribbons and NiTi matrix inducing the two-way actuation of the composite wire is schematically illustrated in Figure S7 .
To further verify the understanding that the two-way actuation obtained in this composite is due to the coupling stresses between the Nb nanoribbons and the NiTi matrix, and not associated with deformation induced dislocations, we fabricated a Ti-50.at% Ni reference sample for comparison. The Ti-50.at% Ni sample was produced by severe cold wire-drawing followed by a 400 °C annealing. Such treatment produced a practically identical microstructure with nanograins of the order of 20-50 nm in size to that of the NiTi matrix of the composite wire. The TiNi wire was then subjected to the same thermo-mechanical treatment to that of the composite wire (a tensile deformation of 12% followed by a 20→200→20 °C heating-cooling cycle). After such treatments, the NiTi wire exhibited a two-way strain output of ~0.5% ( Figure S8 ), which is much smaller than that (~3.2%) of the composite wire. This implies that the two-way actuation of the composite is indeed induced by the coupling stresses between the Nb nanoribbons and the nanocrystalline NiTi matrix. This understanding is also consistent with the expectation that nanograins are incapable of generating internal dislocations during mild deformation.
It is commonly considered that the driving stress upon cooling of the two-way memory SMAs is determined by the critical stress for martensite reorientation. 10, [15] [16] Because the critical stress for martensite reorientation of the SMAs is usually only a few tens of MPa, [10] [11] a low resistive stress can change the orientation of martensite variants, thus resulting in the low stress output of the SMAs upon cooling. For the composite wire, the Nb nanoribbons were subjected to a compressive elastic strain of 2.1% after the prior thermo-mechanical treatment, as shown in Figure 5c and 5d. The large compressive elastic strain was gradually released upon cooling and regained upon heating in the two-way actuation process of the composite wire, as shown in Figure 6b . It is evident that the massive numbers of Nb nanoribbons in compressive state serve as built-in nano bias springs, providing high stress output and high work output upon cooling for the composite wire.
It is known that the maximum actuation stress on heating of the two-way memory SMAs is determined by the yield strength (the critical stress for dislocation slip) of the SMAs. 10, 19 For the composite wire, the grain size of the NiTi matrix is in nanometer scale (20-50 nm) , expecting that the NiTi matrix has a high yield strength, thus it is considered that the high yield strength of the NiTi matrix results in the high actuation stress on heating of the composite wire. To further verify this understanding, we obtained the composite wires where the NiTi matrix has different yield strength (different grain sizes) by changing the prior annealing temperature. It is evident that the maximum driving stress of the composite wire gradually decreases with decreasing yield strength (increasing grain size) of the NiTi matrix from Figure S9 . This result is consistent with our understanding that the high yield strength of the NiTi matrix results in the high actuation stress on heating of the composite wire.
CONCLUSIONS
A novel two-way actuation nanocomposite wire was fabricated by severe cold wire-drawing of a Nb-NiTi hypo-pseudoeutectic casting and thermo-mechanical treatments. The composite simultaneously provides high actuation stresses and large actuation strains during both heating and cooling processes. It is revealed that the massive number of Nb nanoribbons serving as built-in nano bias springs provides the high actuation stress and high work output upon cooling and the SMA matrix with high yield strength offers the high actuation stress upon heating. The two-way actuation mechanism of the composite is entirely different from that the reported two-way memory SMAs. Moreover, the two-way actuation composite wire with small volume and simple construct is in favour of the miniaturization and simplification of actuators.
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